Background. Exercise-induced bronchospasm (EIB) affects up to 90% of all patients with asthma. Objective. This study evaluated the ability of levalbuterol hydrofluoroalkane (HFA) 90 µg (two actuations of 45 µg) administered via metered dose inhaler (MDI) to protect against EIB in mildto-moderate asthmatics. Methods. This was a randomized, double-blind, placebo-controlled, two-way cross-over study. Patients with asthma (n = 15) were ≥18 years, had a ≥6-month history of EIB, ≥70% baseline predicted forced expiratory volume in 1 second (FEV 1 ), and a 20% to 50% decrease in FEV 1 after treadmill exercise challenge using single-blind placebo MDI. Levalbuterol or placebo was self-administered 30 minutes before exercise. Treatment sequences were separated by a 3-to 7-day washout period. Spirometry was performed predose, 20 minutes postdose/pre-exercise, and 5, 10, 15, 30, and 60 minutes post-exercise. The primary endpoint was the maximum percent decrease in FEV 1 from baseline (postdose/pre-exercise). The percentage of protected (≤20% decrease in post-exercise FEV 1 ) patients was also assessed. Results. Levalbuterol had significantly smaller maximum percent post-exercise decrease in FEV 1 compared with placebo (LS mean ± SE; −4.8% ± 2.8% versus −22.5% ± 2.8%, respectively). For levalbuterol, 14/15 (93.3%) patients had <20% decrease in post-exercise FEV 1 compared with 8/15 (53.3%) for placebo (p = 0.0143). Treatment was well tolerated. Conclusion. Levalbuterol HFA MDI (90 µg) administered 30 minutes before exercise was significantly more effective than placebo in protecting against EIB after a single exercise challenge and was well tolerated. Clinical Implications. Levalbuterol HFA MDI when administered before exercise was effective in protecting adults with asthma from EIB.
INTRODUCTION
Exercise-induced bronchospasm (EIB) is a common condition occurring in up to 90% of patients with asthma and in up to 10% of patients that are not known to be asthmatic (1, 2) . EIB is an acute transient airway narrowing that occurs sometimes during or very often after exercise. It is thought to be initiated by abrupt changes in airway temperature and humidity during exercise (1) . It is particularly common in children and young adults (3), most likely due to their higher physical activity. EIB often results in affected persons withdrawing from physical activity (4) (5) (6) . The current asthma treatment guidelines recommend pre-treating EIB by administering shortacting β 2 -agonists shortly before exercise, which can protect over 80% of the patients (7) .
Two commonly prescribed short-acting β 2 -agonists used for treating asthma are racemic albuterol and levalbuterol. Racemic albuterol is a 1:1 mixture of (R)-and (S)-albuterol. The (R)-albuterol enantiomer is responsible for the bronchoprotective and bronchodilatory properties of racemic albuterol (8, 9) . Levalbuterol is the (R)-albuterol enantiomer and is available as a hydrofluoroalkane (HFA) metered dose inhaler (MDI) or as a solution for nebulization. Pre-clinical Study support provided by Sepracor Inc., Marlborough, MA. D.S.P. and W.R. were investigators who participated in this study. K.S., H.H., and W.T.A. are Sepracor employees.
* Corresponding author: Dr. David S. Pearlman, Colorado Allergy and Asthma Centers, P.C., 125 Rampart Way, Suite 150, Denver, Colorado 80230; E-mail: ds.pearlman@coloradoallergy.com studies suggest that (S)-albuterol may be pro-inflammatory and pro-constrictive and may attenuate the beneficial effects of (R)-albuterol (10) . The clinical relevance of these data for the treatment of asthma is not clear.
Several studies have demonstrated the ability of racemic albuterol MDI to protect against EIB (11) (12) (13) (14) (15) . Although the FDA has not approved levalbuterol HFA MDI to treat EIB, we were interested in evaluating the protective effect of levalbuterol in asthmatics. This is the first reported study to investigate and describe that effect.
METHODS

Study Design
This was a randomized, double-blind, placebo-controlled, multicenter, two-way cross-over study designed to evaluate the efficacy of levalbuterol HFA MDI (90 µg; two actuations of 45 µg each) versus placebo in subjects with asthma 18 years of age and older with EIB. The study was conducted according to the principles established by the Declaration of Helsinki. The appropriate Institutional Review Boards approved the protocol, and written informed consent was obtained from the patients.
Study Patients
Eligible patients were required to be ≥18 years of age with stable asthma; have a forced expiratory volume in 1 second (FEV 1 ) ≥70% of predicted, and have been using β 2 -adrenergic agonists, anti-asthma, anti-inflammatory medication, or over-the-counter asthma medication for at least 6 729 months. Patients were required to have a documented history of EIB for a minimum of 6 months and a decrease in FEV 1 of at least 20% but no more than 50% after a dose of single blind placebo MDI (HFA-134a propellant containing ethanol and oleic acid; two actuations) and a baseline exercise challenge. One patient with a maximum percent decrease in FEV 1 of 19% was included in the study. Patients were ineligible if they were diagnosed with life-threatening asthma (intubation, hypercapnia, respiratory arrest, hypoxic seizures) within 12 months before the first study visit. They were also not eligible if they had been hospitalized with asthma within 4 weeks of the first visit or had a significant upper or lower respiratory infection 3 weeks before the first study visit. Patients were excluded if they had a documented history of bronchopulmonary aspergillosis or allergic alveolitis or had greater than 10-pack-year history of smoking or tobacco product use within 6 months of the initial visit.
Medications that were disallowed during the entire study period included parenteral or oral corticosteroids, all adrenergic bronchodilators (except the study medication), nonprescription asthma medication, and ipratropium bromide. Leukotriene inhibitors and low to moderate doses (≤660 µg fluticasone/day or ≤800 µg beclomethasone/day) of inhaled corticosteroids were allowed provided the patient was maintained on a stable dose 30 days before visit 1. Inhaled corticosteroids were withheld for 10 hours before each study visit. Antihistamines were also allowed but had to be withheld for 48 hours before each study visit.
Study Protocol
The study consisted of three visits, each separated by 3 to 7 days. At the screening visit (visit 1), all baseline values were obtained. This included an exercise challenge to confirm the diagnosis of EIB per protocol limits. At visit 2, patients were randomly assigned to one of two treatments (levalbuterol HFA MDI [90 µg, two actuations of 45 µg each] or placebo [HFA-134a propellant containing ethanol and oleic acid; two actuations]). Randomization occurred separately within each site using permutated blocks of four. At visit 3 patients were crossed-over to the alternate treatment. At visit 1, subjects received an open-label levalbuterol HFA MDI to be used as rescue medication during the study. Rescue medication was used as-needed except on the day of a clinic visit when it was withheld for at least 8 hours before the visit. Patients also received medical event calendars for monitoring adverse events and concomitant medication.
A standard exercise challenge on a treadmill was performed at 30 minutes postdose (16) . During the exercise challenge, the gradient and speed of the treadmill were adjusted at 1-minute intervals to achieve at least 85% of the subject's maximum predicted heart rate (calculated as 220 minus the patient's age). At the qualifying exercise challenge (visit 1), the settings for the treadmill rate and incline at each time interval were recorded. These settings were used for the initial settings at each subsequent exercise challenge with minor adjustments to maintain the subject's target maximum heart rate (85% of maximum). The exercise challenge was concluded when patients maintained the target heart rate for a minimum of 4 minutes. The subject could also stop the test at any time. To control for temperature and humidity of the inspired air during the exercise challenge, subjects inspired compressed dry air at room temperature through a Hans Rudolph Nasal and Mouth Breathing Face Mask with a T-shape configuration and a Two-Way Non-Rebreathing Valve (Hans Rudolf, Inc., Kansas City, Missouri, USA). The temperature of the room was maintained between 68
• F to 77
• F. Before the exercise challenge, patients self-administered (two actuations) single-blind placebo MDI (visit 1) or randomized double-blind medication (visits 2 and 3). The MDI was primed (four test sprays) before use by study personnel before dispensing and the subject was instructed on its proper use. Study personnel monitored proper administration of the drug. Spirometry was performed predose/pre-exercise, 20 minutes postdose/pre-exercise (e.g., 10 minutes before exercise), and at 5, 10, 15, 30, and 60 minutes post-exercise (±1 minute). After 60 minutes, spirometry measurements continued every 15 minutes until the subject returned to within 5% of the predose FEV 1 . If the subject's FEV 1 values did not return to the pre-exercise level within 4 hours, the visit was concluded at the Investigator's discretion. A final FEV 1 was measured before discharge.
Heart rate was monitored each minute during exercise. Vital signs were measured before and immediately after exercise challenge, before the 30-and 60-minute spirometry measurements, and at discharge. Adverse events were collected from the time of informed consent to the end of study.
The primary endpoint was the maximum percent decrease in FEV 1 from visit postdose/pre-challenge FEV 1 . Secondary endpoints included the time to FEV 1 recovery after exercise challenge (defined as the amount of time post-challenge needed for FEV 1 to return to within 5% of the postdose/prechallenge value), the mean percent change in FEV 1 from visit predose to postdose/pre-challenge to post exercise, and the number of protected/unprotected patients. Protected patients were defined as those who had less than a 20% decrease in FEV 1 . These values were based on guidelines (USDHHS Guidance for Industry) that consider patients with a greater than 20% decrease in FEV 1 after exercise challenge as not being protected from EIB (17) . Analyses of protection at other levels (15% and 10%) considered by other investigators to be protective (16, 18) were also analyzed. Safety endpoints included adverse events and vital signs.
Statistical Analysis
Assuming a within-subject standard deviation of 12 percentage points and based on a two-tailed test with α = 0.05, a sample size of 14 subjects was determined to provide at least 80% power to detect a difference of 10% points in the maximum percent decrease in FEV 1 from visit postdose/prechallenge between the two treatment groups. The intent-totreat (ITT) population consisted of all randomized subjects who received at least one dose of study medication. All efficacy and safety analyses were performed on the ITT population.
The primary endpoint, the maximum percent FEV 1 decrease from visit postdose/pre-challenge, was analyzed using a mixed model analysis of variance with the maximum percent FEV 1 decrease as the dependent variable, sequence, treatment, period, and postdose/pre-challenge FEV 1 as fixed effects, and patient as a random effect (19, 20) . The time to FEV 1 recovery and the number of subjects with less than 10%, 10% to 20%, and more than 20% decrease in FEV 1 were summarized by treatment. Other secondary endpoints were analyzed using the same mixed model as the primary endpoint. Percent change from pre-dose and visit predose/postchallenge was summarized for FEV 1 over time by treatment. The frequency of rescue medication and percent of subjects with adverse events were summarized by treatment.
RESULTS
Of 23 patients screened for the study, 15 met the protocol criteria and were randomized to treatment and all 15 completed the study. The mean age was 30.5 years and the majority (n = 13) were male (Table 1) . Patients had mild-moderate asthma (mean FEV 1 86% of predicted), and all had documented EIB. At study entry, 5/15 (33%) of patients were on inhaled corticosteroids.
Spirometry Measurements
The maximum percent decrease in FEV 1 from visit postdose/pre-challenge (primary endpoint) was significantly less in patients treated with levalbuterol compared with placebo (LS mean ± SE: −4.8% ± 2.8% and −22.5% ± 2.8%, respectively; p = 0.0002) ( Figure 1A ). The mean decrease in FEV 1 from postdose/pre-challenge at each time point after exercise was also less for levalbuterol than for placebo (Figure 2 ). More patients were protected against EIB with levalbuterol than placebo. Only 1 of 15 (6.7%) patients (patient 2; see Table 2 ) treated with levalbuterol had a more than 20% decrease in FEV 1 compared with 7 of 15 (46.7%) patients for placebo ( Figure 1B) . In contrast, 12 of 15 (80%) patients after levalbuterol use had less than 10% decrease in FEV 1 compared with 2 of 15 (13.3%) for placebo ( Figure 1B) . The mean time for FEV 1 recovery was faster with levalbuterol (15.0 minutes) compared with placebo (46.4 minutes).
Levalbuterol was associated with significantly greater bronchodilation before exercise compared with placebo. LS mean (SE) percent change in FEV 1 from predose to postdose/pre-challenge was 9.4 ± 1.1 for levalbuterol compared with 0.3 ± 1.1 for placebo (p < 0.0001). After exercise following levalbuterol treatment, the maximum percent decrease in FEV 1 values for the majority (9 of 15) of individual patients did not fall below predose levels (Table 2) . Moreover, the mean FEV 1 did not fall below predose levels ( Figure 2) . In contrast after exercise following placebo treatment, the maximum percent decrease in FEV 1 values for the majority (14 of 15) of patients fell below predose values (Table  2) . Post-exercise, the mean FEV 1 after placebo treatment dropped below predose values. The LS mean (SE) for the maximum percent decrease in FEV 1 from predose to postexercise was 9.8 ± 2.2 for levalbuterol and −4.2 ± 2.2 for placebo (p = 0.0008).
There was some intrapatient variability in response to exercise challenge. For a number of patients, the changes in FEV 1 post-exercise for the two placebo treatments (at screening [visit 1] and the double-blind period) were dissimilar ( Table 2) . After placebo treatment, three patients required one dose of rescue medication after exercise challenge during the doubleblind period of the study, and no patients required rescue medication after levalbuterol treatment. There was no significant difference in heart rate or respiration rates with levalbuterol and placebo treatments after exercise (data not shown).
Adverse Events
There were four adverse events observed. The reported post-randomization adverse events after levalbuterol treatment were myalgia (n = 2) and vomiting (n = 1), and after placebo treatment nasopharyngitis (n = 1). None were considered by the investigators to be related to treatment. There were no serious adverse events reported during the study. 
DISCUSSION
We examined the ability of levalbuterol HFA 90 µg administered through an MDI to protect adults with asthma from EIB. Levalbuterol HFA taken 30 minutes before treadmill exercise was found to be protective. The mean maximum percent decrease in FEV 1 from postdose/pre-challenge (primary endpoint) was significantly smaller (p < 0.001) for levalbuterol treatment than for placebo. All but 1 of 15 subjects were protected from EIB when using levalbuterol with a maximum decrease in FEV 1 of less than 20%, a criteria suggested by the USDHHS Guidance for Industry (17) . Although the decrease in FEV 1 was greater than 20% for one patient (patient #2), this patient still had a large degree of protection from EIB after levalbuterol treatment, (maximum percent decrease in FEV 1 following DB-Placebo was −54.1% compared with −21.3% following DB-Levalbuterol) ( Table 2 ). The fact that levalbuterol improved post-exercise FEV 1 by 32.8% but the decrease was still greater than 20% may reflect the very low baseline value for this patient (decrease in FEV 1 after DBPlacebo treatment). All other measurements of pulmonary function, including mean percent change in FEV 1 at all time points post-exercise and time to FEV 1 recovery (baseline), were supportive of the effective protection against EIB by levalbuterol. None of the three instances in which rescue medication related to exercise challenges was required occurred when levalbuterol was used pre-challenge.
The degree of protection from EIB can be considered clinically important. After levalbuterol treatment, the majority of patients were protected (12 of 15 had less than a 10% decrease in FEV 1 and 14 of 15 had less than a 15% decrease after exercise). In contrast after placebo treatment, most patients were not protected against EIB (2 of 15 had less than a 10% decrease in FEV 1 and 5 of 15 had less than 15% decrease post-exercise). A 10% decrease in FEV 1 is considered to be indicative of healthy non-asthmatic subjects (18, (21) (22) (23) , while a 15% or greater fall in FEV 1 is considered by some investigators and guidelines as a diagnosis of EIB.
Protection by levalbuterol was also associated with a rapid bronchodilating effect achieved pre-exercise challenge. Although postdose/pre-challenge has been a commonly used baseline (17) , others have suggested predose to be a more appropriate baseline (24, 25) . However, with the exception of one patient, in this study, the degree of bronchodilation after exercise from postdose/pre-challenge was not sufficiently different from predose to alter the conclusions of the study if predose was used for baseline (data not shown). The duration of the protective effect of levalbuterol was not examined in this study.
Asthma is characterized by differences between patients and by intrapatient variability both over short and long periods of time (17) . In this study, variability in a patient's response was apparent by the difference in percent change in FEV 1 between the screening and the double-blind placebo treatments (Table 2) . In this context, prescribing physicians as well as patients need to appreciate the potential variability in degree of protection by a single dose of bronchoprotective agents used before exercise. Moreover, consistent (e.g., daily) use of β-adrenergic agents can lead to relative tolerance to the bronchoprotective effect of these agents (15, (26) (27) (28) (29) , although intervals of use of 72 hours or greater abrogate this effect (28) . Long-term anti-inflammatory control of asthma can decrease bronchial reactivity to various asthma triggers such as exercise (30) (31) (32) (33) .
Conclusion
This is the first reported evaluation of the ability of levalbuterol HFA MDI used as single dose pre-treatment to protect patients from EIB. It was found that a single dose administered 30 minutes before exercise was effective in protecting against EIB and was well tolerated.
